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Nasal delivery of an IgM offers broad 
protection from SARS-CoV-2 variants

Zhiqiang Ku1,10, Xuping Xie2,10, Paul R. Hinton3,10, Xinli Liu4,10, Xiaohua Ye1, 
Antonio E. Muruato5,6, Dean C. Ng3, Sujit Biswas4, Jing Zou2, Yang Liu2, Deepal Pandya3, 
Vineet D. Menachery6, Sachi Rahman3, Yu-An Cao3, Hui Deng1, Wei Xiong1, Kevin B. Carlin3, 
Junquan Liu1, Hang Su1, Elizabeth J. Haanes3, Bruce A. Keyt3 ✉, Ningyan Zhang1 ✉, 
Stephen F. Carroll3 ✉, Pei-Yong Shi2,5,7,8,9 ✉ & Zhiqiang An1 ✉

Resistance represents a major challenge for antibody-based therapy for COVID-191–4. 
Here we engineered an immunoglobulin M (IgM) neutralizing antibody (IgM-14) to 
overcome the resistance encountered by immunoglobulin G (IgG)-based 
therapeutics. IgM-14 is over 230-fold more potent than its parental IgG-14 in 
neutralizing SARS-CoV-2. IgM-14 potently neutralizes the resistant virus raised by its 
corresponding IgG-14, three variants of concern—B.1.1.7 (Alpha, which first emerged 
in the UK), P.1 (Gamma, which first emerged in Brazil) and B.1.351 (Beta, which first 
emerged in South Africa)—and 21 other receptor-binding domain mutants, many of 
which are resistant to the IgG antibodies that have been authorized for emergency 
use. Although engineering IgG into IgM enhances antibody potency in general, 
selection of an optimal epitope is critical for identifying the most effective IgM that 
can overcome resistance. In mice, a single intranasal dose of IgM-14 at 0.044 mg per kg 
body weight confers prophylactic efficacy and a single dose at 0.4 mg per kg confers 
therapeutic efficacy against SARS-CoV-2. IgM-14, but not IgG-14, also confers potent 
therapeutic protection against the P.1 and B.1.351 variants. IgM-14 exhibits desirable 
pharmacokinetics and safety profiles when administered intranasally in rodents. Our 
results show that intranasal administration of an engineered IgM can improve 
efficacy, reduce resistance and simplify the prophylactic and therapeutic treatment of 
COVID-19.

The respiratory tract is the major target for SARS-CoV-2 infection5. 
High viral load in the respiratory tract correlates with severe disease 
in patients with COVID-196. So far, almost all neutralizing monoclonal 
antibodies (monoclonal antibodies) that have been tested in clinical 
trials are the IgG1 isotype and are administered through intravenous 
infusion. Circulating IgG antibodies lack efficient access to mucosal 
compartments7. After intravenous infusion, antibody levels in the 
lung are around 200–500 times lower than those in the serum8. Potent 
neutralizing IgG1 monoclonal antibodies need to be administered 
at high doses (up to 8 g); even so, the antiviral effect is small in the 
respiratory tract in patients treated with drug compared to those 
treated with placebo9. Emerging SARS-CoV-2 variants of concern 
(VOCs) are resistant to many potent neutralizing IgG1 monoclonal 
antibodies, including those that are in clinical trials and that have been 
authorized for emergency use2–4. Therefore, the development of new 
antibody therapies that can overcome these challenges is urgently  
needed.

IgM and IgA are mucosal antibodies that constitute the first line of 
defence against mucosal pathogens. Typically, IgM assembles into 
pentamers and IgA1 into dimers in the presence of the joining chain 
( J-chain), which facilitates efficient mucosal transcytosis of antibod-
ies10,11. IgM and IgA1 can also be nebulized and reach airway tissues after 
inhalation12. Owing to avidity effects, multivalent antibodies can exhibit 
enhanced neutralization of SARS-CoV-213 and reduce the evasion of anti-
bodies by the virus14. An IgM pentamer is naturally decavalent owing to 
the repetitive antigen-binding variable fragments (Fvs)11. These unique 
features make the intranasal delivery of IgM neutralizing monoclonal 
antibodies appealing for the prevention and treatment of COVID-19.

Engineering of neutralizing IgM and IgA1
To develop human IgM and IgA1 neutralizing monoclonal antibodies, 
we performed antibody engineering based on the CR3022 monoclonal 
antibody15 and five IgG1 monoclonal antibodies (CoV2-06, CoV2-09, 
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CoV2-12, CoV2-14 and CoV2-16) that were previously isolated from a 
phage-displayed antibody library1. These six monoclonal antibodies 
recognize different epitopes on the receptor-binding domain (RBD) 
(Fig. 1a, Extended Data Fig. 1a, b). The Fv of IgG1 was engineered into 
human IgM or IgA1 scaffolds for co-expression with the J-chain. The 
engineered IgM is a pentamer and IgA1 is a dimer (Fig. 1b). After pro-
duction, the monoclonal antibodies of different isotypes assembled 
correctly and exhibited a purity of greater than 95% (Fig. 1c, d). IgM and 
IgA1 bound to the RBD more strongly than did IgG1 (Fig. 1e, Extended 
Data Fig. 1c). The higher binding activities, as evidenced by smaller 
values of the half-maximal effective concentration (EC50), were consist-
ent with the higher valencies of IgA1 and IgM (Fig. 1f). Neutralization 
of live SARS-CoV-2 at monoclonal antibody concentrations of 0.1 and 
1 μg ml−1 showed stronger inhibition of virus infection by IgM and IgA1, 
as compared to IgG1, with IgM CoV2-14 being the most potent monoclo-
nal antibody (Fig. 1g, Extended Data Fig. 1d). These results demonstrate 
successful engineering of IgM and IgA1 monoclonal antibodies. The 
enhancement in binding and neutralization for IgM and IgA1 antibodies 
derived from different IgG1 antibodies exhibited different patterns, as 
exemplified by CoV2-06 and CoV2-14 (Fig. 1h), which suggests that, in 
addition to valency, IgG1 epitopes affect the neutralizing potency of 
the corresponding IgM and IgA1 antibodies.

Enhanced potency of IgM over IgG
We focused on IgM CoV2-14 (IgM-14) for detailed characterization in 
parallel with IgG-14. To examine how epitopes affect the potency of 
engineered IgM antibodies, we also characterized the IgM and IgG1 pairs 
of CoV2-06 (IgM-06 and IgG-06). In an enzyme-linked immunosorbent 
assay (ELISA), IgM-14 showed much stronger binding to the spike pro-
tein than did IgG-14 (Fig. 2a). In kinetic binding, IgM-14 exhibited faster 
association with and slower dissociation from the spike protein than 
did IgG-14 (Fig. 2b, c). In neutralization titrations in Vero and human 
ACE2-overexpressing A549 (A549-ACE2) cells, IgM-14 markedly shifted 
the curves towards a higher potency relative to IgG-14 (Fig. 2d, e). Fig-
ure 2f summarizes the binding EC50, the avidity-related parameters 
(association Kon, dissociation Kdis and avidity KD), the half-maximal 
neutralization titre (NT50) and the fold changes of these values between 

IgM-14 and IgG-14. The change was 135-fold for EC50, 13.6-fold for KD, 
39-fold for NT50 on a weight basis and 236-fold for NT50 on a molar basis. 
For IgM-06 and IgG-06, there was a 17.6-fold change in EC50 and a change 
of more than 750-fold in KD, but the change in NT50 was only 2.5-fold on 
a weight basis and 14.9-fold on a molar basis (Extended Data Fig. 2a–d).  
A substantial enhancement of neutralizing activity compared to the cor-
responding IgG1 was observed for IgA1-14 (26-fold) but not for IgA1-06  
(2.3-fold) (Extended Data Fig. 2e). The contrast between CoV2-06 and 
CoV2-14 supports the conclusion that epitope selection is critical for 
identifying the most potent neutralizing IgM.

To understand the structural mechanism of this observation, we 
performed antibody docking to simulate the Fv and RBD complex 
using Rosetta-based protocols16. The Fv of IgG-14 (IgFv-14) targets 
the back side of the RBD, whereas IgFv-06 targets the front side of the 
RBD (Extended Data Fig. 3a, b). Therefore, IgFv-14 has a larger steric 
clash with ACE2 (Fig. 2g). To support the structural analysis, we used a 
bio-layer interferometry (BLI)-based assay to assess the ACE2-blocking 
activities of IgM and IgG1 (Extended Data Fig. 4a–d). IgM-14 inhibited 
RBD–ACE2 interaction more strongly than did IgG-14 (Fig. 2h). By 
contrast, IgFv-06 has a smaller steric clash with ACE2 (Extended Data 
Fig. 4e). IgM-06 also blocked RBD–ACE2 interaction more strongly than 
did IgG-06, however, neither IgM-06 nor IgG-06 achieved full block-
ing even at the highest concentration tested (Extended Data Fig. 4f). 
These results demonstrate that epitope-dependent steric hindrance is 
an important mechanism for IgM-14 to exhibit potent neutralization.

Broad coverage of variants by IgM-14
SARS-CoV-2 escapes from antibody neutralization by acquiring 
mutations in resistance-selection experiments and in natural circula-
tion1–4,17,18. We previously identified neutralization-resistant RBD muta-
tions K444R for IgG-06 and E484A for IgG-14 (ref. 1). To test whether 
IgM can neutralize these IgG escape mutants, we constructed three 
SARS-CoV-2 variants that contain K444R, E484A or both K444R and 
E484A mutations (K444R + E484A) (Extended Data Fig. 5a, b). IgG-
14 effectively neutralized the K444R variant and marginally neutral-
ized the E484A and K444R + E484A variants. Notably, IgM-14 potently 
neutralized all three variants including the K444R + E484A variant, 
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Fig. 1 | Engineering of IgM and IgA1 neutralizing monoclonal antibodies.  
a, The IgG1 epitope residues are shown as spheres on the RBD. b, Illustration of 
antibody engineering from IgG1 into IgM and IgA1. c, d, SDS–PAGE (left) and 
native PAGE (right) (c) and size-exclusion chromatography (d) analysis showing 
monoclonal antibody assembly and purity. The gel images were from one 
experiment. HC, heavy chain; LC, light chain. e, ELISA binding to the RBD by the 

indicated isotypes of CoV2-14. Data are mean of duplicate wells. f, Antibody 
valency versus EC50 for the indicated isotypes. g, Neutralization of SARS-CoV-2 
by the indicated monoclonal antibodies at 0.1 μg ml−1. Data are mean ± s.d. of 
triplicates. h, The EC50 and per cent neutralization of the three isotypes for 
CoV2-06 and CoV2-14 are plotted to illustrate different correlation patterns 
between binding and neutralization.
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which is resistant to the cocktail of IgG-06 + IgG-14 (Fig. 3a). The NT50 
values of IgM-14 against the E484A and the K444R + E484A variants 
were 0.064 μg ml−1 and 0.055 μg ml−1, respectively (Fig. 3b), which 
are comparable to the NT50 (0.01 μg ml−1) value of IgM-14 against the 
wild-type virus (Fig. 2f). IgM-14 is 2,343-fold and 1,949-fold more potent 
than IgG-14 in neutralizing the E484A and K444R + E484A variants, 
respectively (Fig. 3b). Similarly, in A549-ACE2 cells, IgM-14 is 714-fold 
and 2,217-fold more potent than IgG-14 in neutralizing the E484A and 
K444R + E484A variants, respectively (Extended Data Fig. 5c, d). By 
contrast, IgM-06 only neutralized the E484A variant and not the K444R 
or K444R + E484A variants (Extended Data Fig. 5e, f). These data show 
that IgM-14 can effectively neutralize IgG-14 escape variants. The con-
trast between CoV2-06 and CoV2-14 further underscores that epitope 
selection is critical for identifying the IgM antibody that can overcome 
IgG escape mutations.

To assess the neutralizing activities of IgM-14 and IgG-14 against the 
recently emerged SARS-CoV-2 VOCs, we constructed recombinant 
viruses based on the US-WA1 strain and replaced its full spike gene 
with that of the B.1.1.7, P.1 or B.1.351 variants. In the plaque-reduction 
neutralization test (PRNT), IgG-14 potently neutralized the B.1.1.7 
variant but weakly neutralized the P.1 and B.1.351 variants (Fig. 3c, d). 
These results are consistent with E484 being a critical epitope resi-
due for IgG-14, as both the P.1 and B.1.351 variants contain the E484K 
neutralization-resistant mutation. Notably, IgM-14 potently neutral-
ized all three variants (Fig. 3c). The half-maximal concentration values 
in PRNTs (PRNT50 values) of IgM-14 against the B.1.1.7, P.1 and B.1.351 
variants were 0.006, 0.023 and 0.031 μg ml−1, respectively, which are 
comparable to the PRNT50 (0.011 μg ml−1) value of IgM-14 against the 
US-WA1 strain. IgM-14 is 45-fold, 547-fold and 374-fold more potent than 
IgG-14 in neutralizing the B.1.1.7, P.1 and B.1.351 variants, respectively 
(Fig. 3d). These data show that IgM-14, but not IgG-14, can tolerate the 
RBD mutations in VOCs.

We used the wild-type, K444R, E484A and K444R + E484A RBD pro-
teins to assess the binding and ACE2-blocking activities of IgM-14 versus 
IgG-14 and IgM-06 versus IgG-06 (Extended Data Fig. 6a–j). Consistent 
with the neutralization results, IgM-14 and IgM-06 bound to these RBD 
proteins and blocked ACE2 interactions more effectively than did their 
parental IgG1 antibodies (Extended Data Fig. 6k). Similar results were 
also observed using the F486S (another IgG-14-resistant mutation) 
and K444S (IgG-06-resistant) RBD proteins (Extended Data Fig. 6l–o).

We generated another 19 RBD mutants to characterize the bind-
ing and ACE2-blocking activities of IgM-14 and IgG-14 (Extended Data 
Figs. 7a–u, 8a–s). The N439K and S477N are resistant mutations for 
several neutralizing IgG1 monoclonal antibodies17,18. The K417N, N501Y, 
E484K + N501Y and K417N + E484K + N501Y mutations represent the 
B.1.351 variant2. The remaining 13 mutations are associated with resist-
ance to three IgG1 monoclonal antibodies that have been authorized 
for emergency use19,20. Figure 3e summarizes the KD and half-maximal 
inhibitory concentration (IC50) values. Across all RBD mutants, IgM-14 
exhibited much higher binding to RBD and higher ACE2-blocking activ-
ity compared to IgG-14. This superior activity is probably attributable 
to avidity effects, which result in much slower dissociation kinetics 
from the RBD mutants for IgM-14 than that for IgG-14 (Extended Data 
Fig. 7v, Supplementary Table 1). A good correlation between IC50 and 
NT50 values was observed for the VOCs (Extended Data Fig. 8t). Glob-
ally, these mutations emerged with varying frequencies in the 373,387 
viral sequences analysed (Extended Data Fig. 8u). These mutations 
affect RBD functionality to various degrees (Extended Data Fig. 8v), 
indicating that RBD mutational effects on antibody binding and virus 
fitness together determine the neutralizing activities of monoclonal 
antibodies against these mutants. Together, these data demonstrate 
that IgM-14 is superior to IgG-14 in covering viral escape mutations.

IgM-14 delivered intranasally targets the airways
We evaluated the feasibility of IgM-14 for intranasal administration 
by tracking antibody bio-distribution in mice (Fig. 4a). After a single 
intranasal dose, IgM-14 (labelled with Alexa Fluor 750) was enriched 
in the nasal cavity and lasted for at least 96 h in whole-body imaging 
(Fig. 4b, Extended Data Fig. 9a). Ex vivo organ imaging showed that 
IgM-14 enriched in the nasal cavity and lung at various time points 
and was still evident in the nasal cavity at 168 h. The blood and other 
organs had minimal antibody exposure (Fig. 4c, d, Extended Data 
Fig. 9b, c). These results indicate that intranasally administered IgM-14 
mainly targets the respiratory tract, with long-term retention in the 
nasal cavity and lung. Nasal epithelium is at first the dominant site for 
SARS-CoV-2 respiratory tract infection, followed by aspiration of virus 
into the lung21. Therefore, intranasal administration can efficiently 
load IgM-14 to the airways, which should confer protection against 
respiratory infection.
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In vivo protection against VOCs by IgM-14
We evaluated the protective efficacy of IgM-14 using intranasal adminis-
tration with a mouse-adapted virus that contains an N501Y mutation26, 
thus representing the RBD of the B.1.1.7 variant. First, we tested the three 
isotypes of CoV2-06 and CoV2-14 at a prophylactic dose of 3.5 mg per 
kg body weight (hereafter, mg kg−1) (Extended Data Fig. 10a). Peak lung 
viral loads on day 2 after infection were reduced to undetectable levels 
in all four mice of the IgG-06 and IgM-06 groups and in three of the four 
mice of the IgA1-06, IgG-14, IgA1-14 and IgM-14 groups (Extended Data 
Fig. 10b). We then focused on IgM-14 and performed dose range evalua-
tions. Five dose levels (3.5, 1.2, 0.4, 0.13, and 0.044 mg kg−1) were tested 
for prophylactic treatment and three dose levels (3.5, 1.2 and 0.4 mg 
kg−1) were tested for therapeutic treatment (Fig. 4e). For prophylactic 
treatment, lung viral loads were reduced to undetectable levels in 90% 
(9/10), 70% (7/10), 90% (9/10) and 60% (6/10) of mice in the 3.5, 1.2, 0.4 
and 0.13 mg kg−1 groups, respectively. Even with the 0.044 mg kg−1 dose, 
the median viral load (5.56-log) was significantly reduced by fivefold 
as compared to the isotype group (6.29-log; Fig. 4f). For therapeutic 
treatment, the median viral loads (excluding the mice with undetect-
able virus) were reduced by 13,667-fold, 13,667-fold and 56-fold in the 
3.5, 1.2, and 0.4 mg kg−1 groups, respectively (Fig. 4g). Quantification 
of viral RNA in lung samples confirmed the anti-viral effects of IgM-14 
(Extended Data Fig. 10c). IgM-14 showed more potent efficacy than 
IgG-14 at a therapeutic dose of 1.2 mg kg−1 (Extended Data Fig. 10d). No 
mutations were observed in the RBD of recovered virus after treatment 
with IgM-14 (Extended Data Fig. 10e). These data show that IgM-14 
confers protection with an effective dose as low as 0.044 mg kg−1 for 
prophylactic treatment and 0.4 mg kg−1 for therapeutic treatment.

We also compared the therapeutic efficacy of IgM-14 and IgG-14 
against the P.1 and B.1.351 VOCs. For the P.1 variant, IgM-14 reduced 
lung viral loads by 16,429-fold and 144-fold in the 3.5 and 1.2 mg kg−1 

groups, respectively. In comparison, IgG-14 had a marginal anti-viral 
effect, reducing viral loads by around fourfold at either dose (Fig. 4h). 
Similarly, IgM-14 exhibited a significantly higher potency than IgG-14 
against the B.1.351 variant (Fig. 4i). Together, our data show that intra-
nasal administration of IgM-14 confers highly efficacious respiratory 
protection and that IgM-14 is superior to IgG-14 for protection against 
the tested VOCs.

Preclinical pharmacokinetics and safety
To further evaluate the translational potential of IgM-14, we conducted 
an intranasal pharmacokinetic study in mice. A single intranasal admin-
istration of 5 mg kg−1 of IgM-14 resulted in low levels of antibody in the 
blood (around 100 ng ml−1) that persisted for several hours (Extended 
Data Fig. 10f). In patients with COVID-19, the positive rate of viral RNA 
is high (93%) in bronchoalveolar lavage samples but very low (less than 
1%) in blood samples22. Therefore, intranasally administered IgM-14 
is better focused on targeting the site of virus replication in the res-
piratory tract, compared to intravenously infused IgG1. To further 
assess the tolerability of IgM-14, a pilot safety study was conducted in 
rats. Groups of rats were dosed intranasally with IgM-14 twice daily for 
five consecutive days. All rats survived to the end of the study with no 
change in body weight (Extended Data Fig. 10g).

Discussion
In this study, we have shown that six engineered IgM antibodies exhibit 
higher binding and neutralizing activities than their parental IgG1 anti-
bodies, indicating a general mechanism of gaining potency through 
avidity. However, epitope selection is required to identify the most 
appropriate engineered IgM. Epitope-dependent steric hindrance is 
one mechanism for IgM to exhibit enhanced neutralization compared 
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Fig. 3 | Broader coverage of escape variants by IgM-14 over IgG-14.  
a, Neutralization of the K444R (IgG-06-resistant), E484A (IgG-14-resistant) and 
K444R + E484A (IgG-06 + IgG-14-resistant) SARS-CoV-2 variants. b, Summary of 
NT50 values against the indicated SARS-CoV-2 variants. c, PRNT assay using the 
US-WA1 strain and the recombinant B.1.1.7, P.1 and B.1.351 variants. d, Summary 
of PRNT50 values against the indicated viruses. Data are mean of duplicate wells 
for a, c. The fold changes in NT50 and PRNT50 values between IgM-14 and IgG-14 

against the indicated resistant viruses are highlighted in red. e, Summary of 
binding KD and ACE2-blocking IC50 values to a panel of 21 RBD mutants. The 
hash symbol indicates that E484K is an escape mutation for both LY-CoV555 
and REGN-10933. Asterisks indicate that the half-maximal blocking was not 
achieved at the highest monoclonal antibody concentration (30 nM) and the 
IC50 values are defined as ≥90 nM.
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to IgG1. IgM may also engage more spike proteins than can an IgG1, and 
such a mechanism is related to antibody binding angles23. Epitope selec-
tion is also critical for identifying the IgM that can overcome resistance. 
The critical epitope residues for IgG-14, but not for IgG-06, make direct 
contact with ACE2. Investigating resistance for other monoclonal anti-
body pairs may provide additional insights into the precise mechanism. 
Nevertheless, the finding that IgM-14 has a broader coverage of variants 
than IgG-14 points to the potential for leveraging IgM to combat other 
dynamically evolving pathogens.

Intranasally delivered IgM mainly targets the airways, which allows 
dose-sparing and offers highly effective protection. Previously, 
intrarectal delivery of an IgM has been shown to reduce viral rectal 
infection in macaques24, and intranasal delivery of IgG antibodies has 
been studied. Together, these data indicate that mucosal delivery is 
a promising alternative to intravenous infusion for treating mucosal 
viral infections. Notably, intranasal dosing of IgM simplifies admin-
istration and also provides broader coverage and better protection 
against variants.

Traditionally, IgM antibodies have been considered difficult to pro-
duce. With recent advances in manufacturing, engineered IgM antibod-
ies—including IgM-14—can be produced at high titres (greater than 
1 g l−1) with good purity and stability. Several engineered IgM antibodies 
have successfully entered human clinical trials in oncology25. IgM-14 
holds potential for development as an effective and flexible therapy 
for outpatients and high-risk populations.

In summary, we show that engineered IgM is a promising drug modal-
ity with potent neutralization, broad coverage of variants, desirable 

pharmacokinetics and safety profiles, and effective respiratory protec-
tion. We envision that engineered IgM administered in an intranasal 
manner can serve as a therapeutic platform for COVID-19 as well as for 
other respiratory viral diseases.
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Methods

Data reporting
No statistical methods were used to predetermine sample size. The 
experiments were not randomized and the investigators were not 
blinded to allocation during experiments and outcome assessment.

Cells and viruses
Vero (ATCC, CCL-81) and Vero-E6 (ATCC, CRL-1586) cells were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented 
with 10% fetal bovine serum (FBS). Expi293F cells (Gibco, 100044202) 
were maintained in Expi293 expression medium without FBS. 
ExpiCHO-S cells (Thermo Fisher Scientific, A29127) were maintained 
in ExpiCHO expression medium without FBS. CHO cells (Horizon Dis-
covery) were maintained in Ex-Cell Advanced CHO fed-batch medium 
(Millipore-Sigma, 14366C) supplemented with 4 mM l-glutamine. The 
human ACE2-overepressing A549 (A549-ACE2) cells were generated 
in-house using lentivirus transduction. All cells have been tested nega-
tive for mycoplasma contamination. The SARS-CoV-2 (US-WA1 strain) 
mNeonGreen (mNG) reporter virus was generated in a previous study 
using a SARS-CoV-2 infectious clone27. The SARS-CoV-2 variants with 
the K444R, the E484A or the K444R + E484A mutations were also gen-
erated based on this infectious clone. A mouse-adapted SARS-CoV-2 
(CMA4 strain) used for in vivo studies was recombinantly generated. In 
brief, a previously used mouse-adapted SARS-CoV-2 (CMA3 strain)1 was 
passed in BALB/c mice for 20 passages. To generate the CMA4 strain, 
the adaptive mutations were identified and reintroduced into the back-
bone of the CMA3 strain. The generation and characterization of these 
mouse-adapted viruses are reported in a separate preprint26. The recom-
binant SARS-CoV-2 viruses with spike mutations from the B.1.1.7, P.1 and 
B.1.351 lineages were prepared on the genetic background of an infec-
tious cDNA clone derived from clinical strain USA-WA1/2020 (ref. 27)  
using a previously described protocol28. The spike mutations for the 
B.1.1.7 variant included 69–70 deletion, Y145 deletion, N501Y, A570D, 
D614G, P681H, T716I, S982A and D1118H. The spike mutations for the 
P.1 variant included L18F, T20N, P26S, D138Y, R190S, K417T, E484K, 
N501Y, D614G, H655Y, T1027I and V1176F. The spike mutations for the 
B.1.351 variant included D80A, D215G, 242–244 deletion, K417N, E484K, 
N501Y, D614G and A701V. The recombinant viruses were sequenced 
to confirm the presence of the engineered mutations and to rule out 
undesired mutations.

Engineering and production of IgM and IgA1 antibodies
The Vh and Vl regions of five human anti-SARS-CoV-2 IgG1 antibod-
ies—CoV2-06, CoV2-09, CoV2-12, CoV2-14, and CoV2-16—were incorpo-
rated into expression vectors encoding IgM and IgA1 constant regions 
and a human J-chain according to standard cloning protocols. The 
original isolated CoV2-06, CoV2-09, CoV2-12, CoV2-14, and CoV2-16 
IgG1 antibodies had lambda light chains. For initial in vitro charac-
terization, the light chains for these antibodies were constructed as 
lambda-Vl-kappa-Cl hybrid light chains and the antibodies were tran-
siently expressed in Expi293 cells. For subsequent in vitro and in vivo 
experiments, complete lambda light chains were used and the antibod-
ies were expressed in Expi293F, ExpiCHO-S or CHO cells. The control 
antibody-binding domain from anti-SARS-CoV antibody CR3022 was 
similarly constructed. The IgG1 and IgA1 antibody constructs were 
purified by affinity chromatography using protein A and Capture Select 
LC-lambda resins (Thermo Fisher Scientific), respectively. The IgM 
antibody constructs were purified by mixed-mode chromatography 
and anion-exchange chromatography25. The degree of assembly and 
purity were assessed by SDS–PAGE and native PAGE. For SDS–PAGE, 
all antibodies were run on 10% Mini-PROTEAN TGX gels (Bio-Rad). 
The gels were stained with Coomassie blue R-250 (Bio-Rad). For native 
PAGE, IgG1 and IgA1 antibodies were run on native 4–12% Bis-Tris gels 
(Life Technologies), whereas IgM antibodies were run on native 3–12% 

Bis-Tris gels (Life Technologies) by referring to a previously described 
electrophoretic method29. The gels were stained with Colloidal Blue 
Stain (Life Technologies). For gel source data, see Supplementary Fig. 1. 
The IgG1, IgA1 and IgM antibodies were also assessed by size-exclusion 
chromatography and the data were analysed using the UNICORN v.7.0 
software.

Recombinant proteins
The spike protein (S1 + S2 ECD, His tag) (40589-V08B1) and the human 
ACE2 protein (10108-H08H) were purchased from Sino Biological. The 
His-tagged RBD protein (CoV2-RBD–His) of SARS-CoV-2 spike protein 
was purchased from ATUM (65639.1.a). The Fc-tagged wild type RBD 
protein and seven RBD proteins that contain amino acid mutations, 
including K444R, E484A, K444R + E484A, K444S and F486S, were gener-
ated in a previous study1. The expression constructs of 19 Fc-tagged RBD 
proteins that contain amino acid mutations, including N439K, S477N, 
N501Y, K417N, E484K + N501Y, K417N + E484K + N501Y, E484K, F490S, 
Q493R, S494P, K417E, Y453F, L455F, G476S, F486V, Q493K, K444Q, 
V445A and G446V, were generated by overlap PCR using specific prim-
ers (Supplementary Table 2) in this study. The proteins were produced 
from Expi293F cells and purified using the CaptivA protein A affinity 
resin (Repligen, CA-PRI-0100).

ELISA binding assay
ELISA titration of monoclonal antibody binding to the RBD of the 
SARS-CoV-2 spike protein was performed as follows. The 96-well white 
polystyrene ELISA plates (Pierce 15042) were coated with 100 μl per well 
of 0.5 μg ml−1 recombinant His-tagged RBD protein overnight at 4 °C. 
Plates were then washed five times with phosphate-buffered saline 
(PBS) with 0.05% Tween and blocked with 2% bovine serum albumin 
(BSA)-PBS. After blocking, 100-μl serial dilutions of monoclonal anti-
bodies were added to the wells and incubated at room temperature 
for 2 h. The plates were then washed 10 times and incubated with 
HRP-conjugated mouse anti-human kappa (Southern Biotech, 9230-05, 
1:6,000 diluted in 2% BSA-PBS) for 30 min. After 10 final washes using 
0.05% PBS-Tween, the plates were read using Super Signal chemilumi-
nescent substrate (Thermo Fisher Scientific, 37070). Luminescent data 
were collected on an EnVision plate reader (Perkin Elmer) and analysed 
with GraphPad Prism 8.

For ELISA titration of monoclonal antibody binding to SARS-CoV-2 
spike protein, high-binding ELISA plates were coated with recombinant 
spike protein (1 μg ml−1) at 4 °C overnight and blocked with 5% skimmed 
milk at 37 °C for 2 h. Antibodies were serially diluted in 1% skimmed 
milk and added at a volume of 100 μl per well for incubation at 37 °C for  
2 h. The HRP-conjugated F(ab′)2 fragment goat anti-human IgA + IgG +  
IgM (H+L) antibody ( Jackson ImmunoResearch, 109-036-064) was 
diluted 1:5,000 and added at a volume of 100 μl per well for incubation 
at 37 °C for 1 h. The plates were washed around three to five times with 
PBST (0.05% Tween-20) between incubation steps. TMB (3,3′,5,5′-tetr
amethylbenzidine) substrate was added at 100 μl per well for colour 
development. The reaction was stopped by adding 50 μl per well 2M 
H2SO4. The OD450 nm was read by a SpectraMax microplate reader and 
analysed with GraphPad Prism 8.

Antibody avidity
The measurement of antibody avidity (apparent affinity) to the spike 
protein and the wild-type or mutant RBD proteins were performed on the 
ForteBio Octet RED96 system. The His-tagged spike protein (15 μg ml−1)  
was captured on the Ni-NTA biosensor and the Fc-tagged RBD proteins 
(20 μg ml−1) were captured on the protein A biosensor. Following 10 s 
of baseline run in kinetics buffer, the sensors were dipped in threefold 
serially diluted antibodies (0.12 nM to 90 nM) for 200 s to record asso-
ciation kinetics. Then, the sensors were dipped into kinetics buffer for 
400 s to record dissociation kinetics. For avidity measurement with 
Fc-tagged RBD proteins, the biosensors were blocked with a control 



Fc protein (150 μg ml−1) for 200 s to occupy the free protein A. Forte-
Bio Octet Data Analysis software was used to fit the KD data using the 
global fitting method.

Neutralization assays
The neutralization of SARS-CoV-2 viruses with wild-type RBD, K444R 
RBD, E484A RBD and K444R + E484A RBD was performed using the mNG 
reporter viruses. In brief, a total of 1.5 × 104 Vero cells or A549-ACE2 cells 
were plated into each well of a black transparent flat-bottom 96-well plate 
(Greiner Bio-One, 655090). The next day, antibodies (serial dilutions) 
were mixed with an equal volume of SARS-CoV-2-mNG virus (multiplic-
ity of infection = 0.5). After 1 h incubation at 37 °C, the antibody–virus 
complexes were inoculated with Vero cells. At 20 h after infection, nuclei 
were stained by the addition of Hoechst 33342 (Thermo Fisher Scientific) 
to a final concentration of 10 nM. Fluorescent images were acquired 
using a Cytation 7 multimode reader (BioTek). Total cells (in blue) and 
mNG-positive cells (in green) were counted, and the infection rate was 
calculated. The relative infection rates were calculated by normalizing the 
infection rate of each well to that of control wells (no antibody treatment).

The neutralization of the SARS-CoV-2 US-WA1 strain and the 
SARS-CoV-2 viruses containing the spike mutations from the B.1.1.7, 
P.1 and B.1.351 lineages were performed using the PRNT. In brief, anti-
bodies were serially diluted in culture medium and incubated with 
100 PFU of wild-type or mutant viruses at 37 °C for 1 h, after which the 
antibody–virus mixtures were inoculated onto Vero E6 cell monolayer 
in six-well plates. After 1 h of infection at 37 °C, 2 ml of 2% SeaPlaque agar 
(Lonza) in DMEM containing 2% FBS and 1% penicillin–streptomycin 
was added to the cells. After 2 d of incubation, 2 ml of 2% SeaPlaque 
agar in DMEM containing 2% FBS, 1% penicillin–streptomycin and 0.01% 
neutral red (Sigma-Aldrich) were added on top of the first layer. After 
another 16 h of incubation at 37 °C, plaque numbers were counted. 
The relative infection was obtained by the plaque counts from the 
antibody-treated groups to the untreated groups. The relative infection 
versus the concentration of the antibody (in log10 scale) was plotted. 
PRNT50 titres were calculated using a nonlinear regression model. All 
SARS-CoV-2 manipulations were conducted at the Biosafety Level-3 
facility with approval from the Institutional Biosafety Committee at 
the University of Texas Medical Branch.

Antibody structure modelling and molecular docking
The three-dimensional (3D) structures of antibody-RBD complexes 
were built using the Rosetta-based computational protocols16. In brief, 
the 3D structures of the antibody Fv region were first predicted from 
their amino acid sequences by the antibody function of Rosetta. Then, 
the structure of the Fv region was docked to the published RBD struc-
ture (Protein Data Bank (PDB) code: 6M0J) by using the SnugDock 
function of Rosetta. The binding interface of the antibody Fv relative 
to the RBD was positioned using PyMol software. The antibody epitope 
residues were previously identified using an alanine-scanning RBD 
mutant library1 and were incorporated into the analysis to inform dock-
ing studies. All the modelling and docking tasks were performed by 
querying the online server (https://rosie.graylab.jhu.edu/). The Fv–RBD 
structures with the lowest interface energy and having good coverage 
of epitope residues in the docking were selected for further analysis. 
To visualize the binding model of the antibody relative to the ACE2, the 
Fv–RBD structures were aligned with the ACE2–RBD complex structure 
(PDB: 6M0J) based on the RBD using PyMol software.

Antibody blocking of RBD and ACE2 interaction
The wild-type RBD or the mutant RBD proteins (4 μg ml−1) were captured 
on the protein A biosensor for 300 s. The sensors were then blocked by 
a control Fc protein (150 μg ml−1) for 200 s to occupy the free protein A 
on the sensor. The serially diluted antibodies (0.041 nM to 30 nM) were 
incubated with the sensors for 200 s to allow antibody and RBD binding. 
The irrelevant isotype antibodies (30 nM) were used as controls. After  

10 s of baseline run in kinetics buffer, the sensors were dipped in the ACE2 
solution (8 μg ml−1) for 200 s to record the response signal. For analysis 
of the IC50, the ACE2 response values were normalized to the starting 
points. The blocking percentages at each concentration were calculated 
as: ((normalized ACE2 response of isotype antibody − normalized ACE2 
response of tested antibody)/normalized ACE2 response of isotype 
antibody) × 100. The dose-blocking curves were plotted and the block-
ing IC50 values were calculated by nonlinear fit using GraphPad Prism 8.

Bioinformatics analysis of RBD mutations in circulating virus
As of 8 February 2021, 373,387 human SARS-CoV-2 genomic sequences 
were analysed for the occurring frequencies of individual RBD muta-
tions in the global circulating virus variants. The database of the 
COVID-19 Viral Genome Analysis Pipeline was queried and the Tracking 
Mutations tool (https://cov.lanl.gov/content/sequence/TRACK_MUT/
trackmut.html) was used to obtain the numbers of virus variants that 
contain amino acid mutations at individual RBD sites. The frequencies 
of individual RBD mutations were calculated by dividing the numbers 
of virus variants by a total of 373,387 virus sequences. The frequencies 
were expressed as number of variants per 10,000 sequences.

Tracking antibody bio-distribution in mice
Antibodies were conjugated with Alexa Fluor 750 dye for in vivo imaging 
studies. In brief, 1.78 mg ml−1 solution of IgM-14 in PBS (pH 7.4) was reacted 
with Alexa Fluor 750 succinimidyl ester (AF750-NHS,Thermo Fisher Sci-
entific) in the presence of 3% DMSO and 10% sodium biocarbonate buffer 
(v/v, pH 8.3) using the molar ratio of 1:10 protein to fluorescent probe at 
room temperature for 1 h. Unreacted dye was removed by dialysis, the 
labelled antibody was washed in PBS and concentrated with an Amicon 
ultra centrifugal filter unit (MWKO 10 kDa). All procedures were per-
formed under dimmed light. The CD-1 mice (6–8 weeks, female, Charles 
River Laboratories) were anaesthetized by inhalation of 2% isoflurane and 
placed in a supine position. The mice were administered intranasally with 
Alexa Fluor 750-labelled IgM-14 to both nostrils of the mice using a fine 
pipet tip (40 μl total) to achieve the final antibody dose of 1.2 mg kg−1. 
The mice were imaged at predetermined time points after administration 
(fluorescence ex = 740 nm, em = 790 nm, auto-exposure setting, n = 4 
mice in each group) using an IVIS Lumina XRMS Imager (Perkin Elmer). 
At the time of euthanasia, 20 μl of blood, the heart, lung, liver, spleen, 
kidney, brain and nasal cavity samples were excised and imaged. Regions 
of interest (ROIs) were drawn and average radiant efficiency ((p s−1 cm−2 
sr−1)/(μW cm−2)) was measured. This parameter represents the sum of the 
radiance from each pixel inside the ROI divided by the number of pixels. 
All images were processed using Living Image software (Perkin Elmer) 
and the same fluorescence threshold was applied for group comparison.

Mouse infection and antibody protection
The animal study was carried out in accordance with the recommenda-
tions for care and use of animals by the Office of Laboratory Animal Wel-
fare, National Institutes of Health. The Institutional Animal Care and Use 
Committee (IACUC) of the University of Texas Medical Branch approved 
the animal studies under protocol 1802011. Ten-to-twelve-week-old 
female BALB/c mice were purchased from Charles River Laboratories 
and maintained in Sealsafe HEPA-filtered air in/out units. A previously 
described mouse infection model was used to evaluate antibody pro-
tections1. Animals were anaesthetized with isoflurane and infected 
intranasally with 104 PFU of mouse-adapted SARS-CoV-2 (CMA4 strain; 
N501Y)26, the P.1 variant or the B.1.351 variant in 50 μl of PBS. Antibod-
ies were intranasally delivered at 6 h before or 6 h after viral infection. 
Two days after infection, lung samples of infected mice were collected 
and homogenized in 1 ml PBS using the MagNA Lyser (Roche Diagnos-
tics). The homogenates were clarified by centrifugation at 15,000 rpm 
for 5 min. The supernatants were collected for measuring infectious 
virus titres by plaque assay as mentioned in the neutralization assay. 
Quantitative PCR with reverse transcription (qRT–PCR) assay was also 

https://rosie.graylab.jhu.edu/
https://cov.lanl.gov/content/sequence/TRACK_MUT/trackmut.html
https://cov.lanl.gov/content/sequence/TRACK_MUT/trackmut.html
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used for measuring viral RNA (nucleocapsid gene) titres in the lung. 
In brief, the clarified tissue homogenates were mixed with a fivefold 
excess of TRIzol LS Reagent (Thermo Fisher Scientific, 10296010). Total 
RNA was extracted according to the manufacturer’s instructions. The 
extracted RNA was finally dissolved in 40 μl nuclease-free water. Two 
microlitres of RNA samples were used for qRT–PCR assays using the 
iTaq SYBR Green one-step kit (Bio-Rad) on the QuantStudio Real-Time 
PCR systems with fast 96-well module (Thermo Fisher Scientific). The 
quantification of viral RNA was determined by a standard curve method 
using an RNA standard (in vitro transcribed 3,839 bp RNA at the nucle-
otide positions from 26,044 to 29,883 of SARS-CoV-2 genome) and 
the primers 2019-nCoV_N2-F (5′-TTACAAACATTGGCCGCAAA-3′) and 
2019-nCoV_N2-R (5′-GCGCGACAT TCCGAAGAA-3′).

Pharmacokinetic and safety studies
For the pharmacokinetic studies, female BALB/c mice between the 
ages of 6 and 8 weeks were obtained from Charles River Laborato-
ries. Five groups of mice (three per group) were used. Dosing of IgM-
14 was done via the intranasal route according to an approved IACUC 
protocol. In brief, mice were lightly anaesthetized with isoflurane and 
50 μl of IgM-14 at 2 mg ml−1 (total dose 5 mg kg−1) was slowly instilled 
with a pipette, with the volume split between the two nares. Survival 
and terminal bleeds were collected by either retro-orbital or cardiac 
puncture for sample collection at 15 min, 30 min, 1 h, 2 h, 4 h, 8 h,  
24 h, 48 h, 72 h and 96 h. Approximately 200 μl of blood was processed 
for plasma. An ELISA assay was used to determine IgM-14 concentrations 
in mouse plasma. In brief, Pierce 96-well ELISA plates (Thermo Fisher, 
15042) were coated with 100 μl of SARS-CoV-2 spike protein RBD (319-
591, C-term His tag, LakePharma, 46438) at 1 μg ml−1 in 1× PBS overnight 
at room temperature. After blocking with 3% BSA in PBS at room tem-
perature for 2 h and washing in PBS + Tween-20, samples prepared in 
PBS containing 3% BSA and 1% diluted mouse plasma were added and 
incubated for 2h at room temperature. After washing, mouse anti-human 
lambda-HRP (SouthernBiotech, 9180-05, 1:2,000 diluted) was added and 
the plates were incubated for 1 h at room temperature. Following washing 
and addition of SuperSignal ELISA Pico Chemiluminescent Substrate 
(Thermo Fisher Scientific, 37069), plates were read on a Perkin Elmer 
EnVision 2104 Multilabel MicroPlate Reader and data were analysed by 
applying a four-parameter logistic fit to standards using GraphPad Prism. 
Sample concentrations were interpolated from the standard curve. The 
lower limit of quantification (LLOQ) for the assay was 0.02 μg ml−1.

For the safety study, groups of rats (four per group) were dosed intra-
nasally with IgM-14 or the vehicle control twice daily for five consecutive 
days. The top dose was 4 mg per kg per day (20 mg total over the 5-day 
period). All rats survived to the end of the study. Clinical observations, 
body weight changes, macroscopic observations, clinical pathology 
observations or organ weight effects were monitored. After the com-
pletion of dosing, the nasal cavities of each rat were also removed, 
sectioned and examined histologically.

Statistical analysis
All statistical analysis was performed using GraphPad Prism 8 and the 
statistic tests are described in the indicated figure legends. Nonlinear 

regression curve fitting was performed to calculate the EC50, IC50 and 
NT50 values.

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this paper.

Data availability
Data associated with figures are available from the corresponding 
authors upon reasonable request. The COVID-19 Viral Genome Analysis 
Pipeline Tracking Mutations tool is available at https://cov.lanl.gov/con-
tent/sequence/TRACK_MUT/trackmut.html. The published structure 
of the RBD bound to ACE2 is available at the PDB with accession code 
6M0J. Source data are provided with this paper.
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Extended Data Fig. 1 | The epitopes of IgG1 monoclonal antibodies used for 
engineering and additional characterizations of IgM and IgA1. a, The RBD is 
shown as a cartoon with the core region coloured in grey and the receptor- 
binding motif (RBM) coloured in red. b, Summary of the binding region on  
the RBD, key epitope residues and cross-reactivity to SARS-CoV of the six 
monoclonal antibodies. These epitope residues were mapped using an 

alanine-scanning RBD mutant library in a previous study1. c, ELISA binding to 
RBD by IgG1, IgA1 and IgM isotypes of the indicated monoclonal antibodies. 
Data are mean of duplicate wells. d, Neutralization of live SARS-CoV-2 by IgG1, 
IgA1 and IgM monoclonal antibodies at 1 μg ml−1. Data are mean ± s.d. of 
triplicates.
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Extended Data Fig. 2 | Binding and neutralization characterizations of IgM-
06, IgG-06, IgA1-06 and IgA1-14. a, ELISA binding to the spike protein (S) by 
IgM-06 and IgG-06. Data are mean of duplicate wells. b, Binding kinetics of 
IgM-06 and IgG-06 to the spike protein. c, Neutralization of SARS-CoV-2 by 

IgM-06 and IgG-06. Data are mean of duplicate wells. d, Summary of binding 
EC50, association (Kon), dissociation (Kdis), avidity (KD) and neutralization NT50 
values of IgM-06 and IgG-06. e, Neutralization of SARS-CoV-2 by IgA1-06 and 
IgA1-14. Data are mean of duplicate wells.



Extended Data Fig. 3 | Structural docking of the Fv–RBD complex.  
a, b, Docking of IgFv-14–RBD (a) and IgFv-06–RBD (b) complex structures.  
The RBD is shown as a cartoon and coloured in grey. The Fv is shown as a surface 
with Vh coloured in cyan and Vl coloured in magenta. Antibody epitope 
residues are shown as sticks and coloured in blue.
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Extended Data Fig. 4 | Antibody blocking of RBD and ACE2 interaction as 
measured by a BLI assay. a, Schematic diagram showing a BLI assay for IgM 
and IgG blocking of RBD and ACE2 interaction. b, A representative binding 
response curve of the BLI assay. The vertical dashed lines indicate the 
separation of each binding phase. c, d, The normalized ACE2 response curves 
after blocking by IgM-14 and IgG-14 (c) and by IgM-06 and IgG-06 (d).  

e, Superposition of IgFv-06–RBD and ACE2–RBD complexes. The IgFv-06 is 
shown as a surface with Vh coloured in cyan and Vl coloured in magenta. The 
RBD–ACE2 complex is shown as a cartoon with RBD coloured in grey and ACE2 
coloured in green. The dashed box indicates steric clash. f, IgM-06 and IgG-06 
blocking of RBD and ACE2 interaction. The horizontal dashed line indicates 
100% blocking.



Extended Data Fig. 5 | Construction of SARS-CoV-2 escaping variants and 
additional neutralization characterizations. a, Schematic diagram showing 
the construction of the indicated mNeonGreen SARS-CoV-2 viruses using an 
infectious clone method. b, Plaque morphologies of mNeonGreen SARS-CoV-2 
viruses with wild-type RBD or the indicated RBD mutations. c, Neutralization of 
SARS-CoV-2 viruses with K444R (IgG-06-resistant), E484A (IgG-14-resistant) 
and K444R + E484A (IgG-06 + IgG-14-resistant) mutations by IgM-14 and IgG-14 

on A549-ACE2 cells. Data are mean of duplicate wells. d, Summary of the NT50 
values against indicated mutant viruses and the fold changes of NT50 values 
between IgM-14 and IgG-14. e, Neutralization of indicated SARS-CoV-2 mutant 
viruses by IgM-06 and IgG-06 on Vero cells. Data are mean of duplicate wells.  
f, Summary of the NT50 values against indicated mutant viruses and the fold 
changes of NT50 values between IgM-06 and IgG-06. NA, not available.
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Extended Data Fig. 6 | Binding kinetics and ACE2-blocking activities of IgM-
14, IgG-14, IgM-06 and IgG-06 against selected RBD mutants. a–c, The 
binding kinetics of IgM-14 and IgG-14 to wild-type RBD (a), E484A RBD (b) and 
K444R + E484A RBD (c). d–f, The binding kinetics of IgM-06 and IgG-06 to 
wild-type RBD (d), K444R RBD (e) and K444R+E484A RBD (f). g, h, IgM-14 and 
IgG-14 blocking of E484A RBD (g) and K444R + E484A RBD (h) interaction with 
ACE2. i, j, IgM-06 and IgG-06 blocking of K444R RBD (i) and K444R + E484A 
RBD ( j) interaction with ACE2. k, Summary of the binding avidities (KD) and 

ACE2-blocking activities (IC50) to indicated RBD proteins by IgM-06 and  
IgG-06. ND, not determined. *Half-maximal blocking was not achieved at the 
highest monoclonal antibody concentration (30 nM) and the IC50 values are 
defined as ≥90 nM. l, m, The binding kinetics of IgM-14 and IgG-14 to F486S RBD 
(l) and IgM-06 and IgG-06 to K444S RBD (m). n, o, IgM-14 and IgG-14 blocking of 
F486S RBD interaction with ACE2 (n) and IgM-06 and IgG-06 blocking of K444S 
RBD interaction with ACE2 (o).



Extended Data Fig. 7 | Binding kinetics of IgM-14 and IgG-14 to the 19 RBD 
mutants. a, SDS–PAGE images of six RBD proteins with mutations that 
represent natural escape variants in circulation. b, SDS–PAGE image of thirteen 
RBD proteins with mutations associated with neutralization-resistance to 
LY-CoV555, REGN-10933 and REGN-10987. The SDS–PAGE gel images were from 

one experiment. c–u, Binding kinetics of IgM-14 (left) and IgG-14 (right) to the 
indicated RBD mutants. v, Fold changes of Kdis and Kon between binding of  
IgM-14 and IgG-14 to the 19 RBD mutants. The ratios were calculated as 
indicated in the y axis.
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Extended Data Fig. 8 | Antibody blocking of interactions between ACE2 and 
the 19 RBD mutants, the frequency of RBD mutations and mutational 
effects on RBD functionality. a–s, The dose-dependent blocking of the 
interactions between ACE2 and the indicated RBD mutants. t, The correlation 
between ACE2 blocking IC50 and neutralization NT50 values. Two-tailed 
Spearman correlation was used in the statistical analysis. u, The frequency of 
SARS-CoV-2 circulating variants with indicated RBD mutations. The Tracking 

Mutations tool was used for analysis as described in the methods. v, The effects 
of indicated RBD mutations on RBD binding affinity to ACE2 and RBD protein 
expression. The online web source on the sequence-to-phenotype maps of the 
RBD of SARS-CoV-2 (https://jbloomlab.github.io/SARS-CoV-2-RBD_DMS/) was 
referred to for analysis. The y axis indicates log10 scale changes to wild-type 
RBD. Positive values indicate an improving effect and negative values indicate a 
decreasing effect by the mutations.

https://jbloomlab.github.io/SARS-CoV-2-RBD_DMS/


Extended Data Fig. 9 | Bio-distribution of AF750-labelled IgM-14 after 
intransal delivery in mice. a, Whole-body imaging of four mice at different 
time points after a single intranasal dose of IgM-14. b, Ex vivo imaging of blood 

(20 μl) and different organs. c, Quantification of average radiant efficiency of 
blood and indicated organs. Data are mean ± s.d. of four independent mice.
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Extended Data Fig. 10 | Additional in vivo characterizations of antibody 
efficacy, pharmacokinetics and safety. a, Experimental design of 
prophylactic evaluation of the indicated monoclonal antibodies. n = 4 
independent mice for all groups. b, Virus PFU titres in the lung samples of mice 
prophylactically treated with the indicated monoclonal antibodies. c, Virus 
RNA (N gene) titres in the lung samples of mice prophylactically treated with 
IgM-14. The cut-off for the qRT–PCR method, shown as dotted line, is defined as 
mean + 2 standard deviations of corresponding RNA copies in the qRT–PCR 
using lung samples from five uninfected mice. d, Viral loads (PFU titres) in the 
lung samples of mice therapeutically treated with IgM-14 or IgG-14 at the 
indicated doses. The lines of median lung viral loads are shown for each group. 
n = 10 biologically independent mice for all groups except that n = 5 for IgM-14 
group. A two-sided Mann–Whitney test was used in the statistical analysis  

for b, d. An ordinary one-way ANOVA with Sidak’s multiple comparisons was 
used in the statistical analysis for c. e, Sequencing analysis of viruses recovered 
from lung samples of the ten most outlier mice. A representative 
chromatogram representing the amino acids 483–489 of the RBD is shown to 
indicate that no mutations of the critical residues E484 and F486 were 
observed. f, The plasma concentrations of IgM-14 after a single intranasal dose 
of 5 mg kg−1 in BALB/c mice. Data are mean ± s.d. of three independent mice.  
The values lower than LLOQ (0.02 μg ml−1) were defined as 0.01. g, Body weight 
changes of rats after intranasal administrations of 2 mg kg−1 per dose of IgM-14 
or the vehicle control. Data are mean ± s.d. of four independent rats. The arrows 
indicate dosing twice daily for five consecutive days. Statistical differences 
between IgM-14 and vehicle groups were analysed by a two-sided multiple 
t-test. ns, P ≥ 0.05.
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Sample size The group sizes for in vitro assays (e.g. ELISA, BLI and neutralization ) were selected based on prior knowledges in our previous publications 
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Replication replicates were used in the experiments as noted in the methods, figure legends and text. 

Randomization Mice were  the same background , age- and gender-matched and randomized by animal  research personnel at UTMB prior to experiment. 
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Eukaryotic cell lines
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Clinical data
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Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used All SARS-CoV-2 antibodies are generated in house: IgG-iso, IgG-CR3022, IgG-06, IgG-09, IgG-12, IgG-14, IgG-16, IgA1-iso, IgA1-

CR3022, IgA1-06, IgA1-09, IgA1-12, IgA1-14, IgA1-16, IgM-iso, IgM-CR3022, IgM-06, IgM-09, IgM-12, IgM-14, IgM-16. The 
concentrations were indicated in the corresponding figure legends or method section. 
HRP-conjugated mouse anti-human kappa,Southern Biotech, 9230-05, 1:6000 dilution 
HRP-conjugated F(ab')₂ fragment Goat-Anti-Human IgA + IgG + IgM (H+L) antibody, Jackson ImmunoResearch, Cat#109-036-064, 
1:5000 dilution 
Mouse anti-human lambda-HRP, SouthernBiotech; Cat# 9180-05, 1:2000 dilution 
 

Validation HRP-conjugated mouse anti-human kappa antibody, mouse anti-human lambda-HRP antibody were tested by the manufacture to 
demonstrate its ability to detect kappa and lambda light chains, respectively.  
HRP-conjugated F(ab')₂ fragment Goat Anti-Human IgA + IgG + IgM (H+L) antibody was tested by the manufacture to demonstrate its 
ability to detect human IgG, IgA and IgM.  
The primary anitbodies used in this study were recombinantly generated in house and their species were validated by sequencing the 
vectors used for antibody production. 
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Eukaryotic cell lines
Policy information about cell lines

Cell line source(s) Vero (ATCC, CCL-81), Vero-E6 (ATCC, CRL-1586), Expi293F (GIBCO, cat#100044202), ExpiCHO-S (ThermoFisher, Cat# A29127), 
CHO (Horizon Discovery)

Authentication All cell lines were previously reported but not authenticated by us. 

Mycoplasma contamination All cell lines were mycoplasma negative. 

Commonly misidentified lines
(See ICLAC register)

No commonly misidentified cell lines were used in the study.

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals CD-1 mice (6-8 weeks, female), BALB/c mice( 6-8 weeks,female), BALB/c mice( 10-12 weeks,female) were purchased from Charles 
River Laboratories. The animal infection studies were carried out in accordance with the recommendations for care and use of 
animals by the Office of Laboratory Animal Welfare, National Institutes of Health. 

Wild animals No wild animals were used

Field-collected samples No field-collected samples were used

Ethics oversight The Institutional Animal Care and Use Committee (IACUC) of University of Texas Medical Branch (UTMB) approved the animal studies 
under protocol 1802011

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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